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Background. To evaluate the relevance of diastolic perfusion time on the mechanisms underlying stress-induced ischemia, 16 patients with coronary artery disease and seven patients with syndrome X underwent five randomized stress tests (upright and supine exercise with and without therapy, transesophageal atrial pacing).
Methods and Results. Exercise duration Time to 0.1 mV ST segment depression, heart rate, rate-pressure product, and diastolic perfusion time were evaluated for each patient during stress tests. In both groups, variability coefficients of the above-mentioned parameters were not different at rest. At ischemic threshold (0.1 mV ST segment depression) in patients with coronary artery disease, the variability coefficient of exercise duration (40.1±22.2) was significantly higher (p<0.0001) than those of heart rate (12.8+2.9), rate-pressure product (14.8+±3.3), and diastolic perfusion time (0.39+±0.1). The variability coefficient of diastolic perfusion time was also significantly (p<0.0001) lower than those of heart rate and ratepressure product. Similarly, the variability coefficient of diastolic perfusion time (0.44± 0.1) in syndrome X patients was significantly lower (p<0.0001) than those of exercise duration (28.2±9.4), heart rate (12+1.4), and rate-pressure product (14.6+1.3).
Conclusions. Fixed diastolic perfusion time at ischemic threshold, despite different kinds of stress tests and variability of heart rate and rate-pressure product, indicates the relevant role of diastolic perfusion time in determining myocardial ischemia. (Circulation 1991;84:49-56) H eart rate, rate-pressure product, and exercise duration are usually used in evaluating reproducibility of ischemic threshold in patients with stress-induced ischemia.
Despite a variable exercise duration, the ratepressure product is relatively constant when expressed as a group mean in patients with stable effort angina,1 2 but a remarkable variability of rate-pressure product in individual patients has also been See p 424 observed.3-10 This variability was more marked in patients with stable angina who developed myocardial ischemia in response to ergonovine tests.3 A significant nocturnal decline of rate-pressure product at ischemic threshold has also been found in patients with angina at rest and severe coronary artery stenosis.l1 Similarly, a considerable variability of heart rate at the onset of ischemia has been observed in patients with syndrome X.12
From the Department of Medicine, Division of Cardiology, Recently, a reduction in heart rate was shown to induce an increase in subendocardial blood flow and an improvement in ischemic regional dysfunction, suggesting the relevance of diastolic perfusion time. 13 On the other hand, a close relation between subendocardial to subepicardial blood flow ratio and diastolic perfusion time was demonstrated.14 Because the relation between diastolic perfusion time and heart rate is abnormal during stress tests in patients with coronary artery disease15 and with syndrome X,16 this study was undertaken to assess the role of diastolic perfusion time in the mechanisms underlying myocardial stress-induced ischemia.
Methods

Patients Selection
The study population consisted of 16 patients with coronary artery disease (13 men and three women; mean age, 52±6 years) and seven patients with syndrome X (three men and four women; mean age, 44+8 years). Patients were enrolled between 1987 and 1990 from those hospitalized in our department.
Coronary artery disease patients were selected according to the following precise criteria: history of stress-induced ischemia, no previous myocardial infarction, significant ST segment depression (0.1 mV) during the stress test, negative response to ergonovine test, no valvular disease, no hypertension or cardiomyopathy, and the quality of the polycardiographic recordings received during a screening test (only patients in which the first high-frequency deflection of the first and second heart sound, which were clear, were enrolled). There were three obese coronary artery disease patients and one with chronic bronchopulmonary disease in which phonocardiographic recordings were technically inadequate; therefore, these patients were immediately excluded after the screening test. Coronary artery disease patients had luminal diameter stenosis of 70% or more in at least one major coronary artery (Table 1) .
None needed urgent surgical therapy or coronary revascularization by percutaneous transluminal coronary angioplasty. Syndrome X patients fulfilled the same criteria. Data obtained in these patients have been reported. 16 These patients were included in the present study to assess the role of diastolic perfusion time in determining stress-induced ischemia without coronary lesions and in the presence of impaired coronary vasodilatory capacity. We enrolled only patients, from those previously reported, who gave informed consent to participate in this study. After informed consent to participate in the study was obtained, all patients were studied consecutively.
Study Protocol
The study started immediately after discharge of the patients from the hospital and was ambulatory managed in our laboratory for a period of at least 5 weeks. During this period, all patients underwent five randomized stress tests: upright bicycle exercise without (1) and with (2) therapy, supine bicycle exercise without (3) and with (4) therapy, and atrial pacing without therapy (5) . The patients were randomly assigned to one or the other of the groups with or without therapy. Furthermore, the sequence of the stress tests within these two groups was also randomly performed. All exercise stress tests were performed in the morning (9:00 AM-12:00 PM) with at least a 1-week interval between the different tests. Seven days before tests 1, 3, and 5, all drugs were withdrawn, and sublingual nitroglycerin was administered only on chest pain during the wash-out period.
During therapy, transdermal nitroglycerin (10 mg b.i.d.), propranolol (40 mg t.i.d.), and nifedipine (10 mg q.i.d.) were administered to coronary artery disease patients, whereas syndrome X patients received diltiazem (60 mg t.i.d.). The exercise stress test started with an initial work load of 50 W and was increased 20 W every 2 minutes. The atrial pacing test, performed with an electrocatheter placed in the esophagus, started with an initial rate of 100 beats/min and increased 10 beats every 2 minutes.
At rest and during exercise tests and pacing, three electrocardiographic leads were monitored. A computer-assisted system (CASE Marquette Electronics, Milwaukee, Wis.) was used to calculate the ST segment depression after averaging signals had been received during a 12-second period. Arterial blood pressure was measured by a cuff sphygmomanometer. Furthermore, an electrocardiographic lead and phonocardiogram (microphone positioned on the centrum cordis) were recorded at a paper speed of 100 mm/sec (Irex II system, Irex Medical Systems, Upper Saddle River, N.J.). Two observers read the recordings in an independent and blind fashion. The results of these readings were averaged, and the mean values were used in the statistical analysis of our data.
Data Analysis
The following parameters were analyzed: heart rate, rate-pressure product, time to 0.1 mV ST segment depression, and diastolic perfusion time. The values of diastolic perfusion time represent the mean of at least five consecutive measurements, calculated by subtracting S1-S2 interval from the RR interval and multiplied by heart rate (sec/min).
Statistical Analysis
In each patient, mean and standard deviation of the values that were obtained during the five tests were calculated for each parameter at rest and at ischemic threshold. The individual variability coefficient for each parameter was obtained with the formula: standard deviation divided by mean multiplied by 100. The Mann-Whitney test was used to compare the variability coefficient with adjustment for significance level in multiple comparison.17 To assess whether variability differences among the parameters were due to differences in ranges, we normalized the standard deviation of heart rate, rate-pressure product, and diastolic perfusion time both at rest and at ischemic threshold by the formula: nSD=2SD/(pM-rM), where nSD is the normalized standard deviation, and pM and rM are the mean values of the considered parameter at the peak of the stress test and at rest. The Wilcoxon test was used for comparison of standard deviations at rest and exercise. 17 Data of diastolic perfusion time in coronary artery disease patients and syndrome X patients obtained during the tests were plotted against RR intervals by regression analysis.
Results
Individual data and mean values of heart rate, rate-pressure product, diastolic perfusion time, and variability coefficient at rest are reported in Tables 2  and 3 . Individual data and mean values of heart rate, rate-pressure product, time to 0.1 mV ST segment depression, and variability coefficient at ischemic threshold are reported in Tables 4 and 5 . Figure 1 shows the comparison between mean values of variability coefficient of the above-mentioned parameters at rest and at ischemic threshold. At rest, there was no significant difference among the variability coefficients both in coronary artery disease patients and in syndrome X patients. At ischemic threshold in coronary artery disease patients, the (1) (2) (3) (4) . mean value of the variability coefficient of time to ST When normalized standard deviations were consegment depression (40.1+22.2) was significantly sidered, significant differences were found in corohigher than those of heart rate (12.8+3.0), ratenary artery disease patients and in syndrome X pressure product (14.8±3.3), and diastolic perfusion patients (Table 6 ). At rest, the normalized standard time (0.39±0.1) (p< 0.0001). Moreover, the mean deviation of diastolic perfusion time was significantly values of the variability coefficient of both heart rate higher than that of rate-pressure product and heart and rate-pressure product were significantly higher rate in coronary artery disease patients (p<0.001) than that of diastolic perfusion time (p<0.0001). At and in syndrome X patients (p<0.05). On the conthe same time, syndrome X patients showed a lower trary, at ischemic threshold, the normalized standard diastolic perfusion time variability coefficient deviation of diastolic perfusion time was significantly (0.44±0.1) than those of time to ST segment depreslower than those of heart rate and rate-pressure sion (28.2±9.4), heart rate (12±1.4), and rate-pres-product in coronary artery disease patients sure product (14.6+1.3) at ischemic threshold (p<0.001) and in syndrome X patients (p<0.05). (p<0.05). There was no difference between heart A direct linear regression (p<0.001) was present rate and rate-pressure product in both groups. between diastolic perfusion time and RR intervals both in coronary artery disease patients (y=21.56+ 0.014x, r=0.57, p<0.0001) and in syndrome X patients (y= 19.99+0.016x, r=0.59, p<0.0001). Examples of time-course intervals of diastolic perfusion time and RR in one coronary artery disease patient and in one syndrome X patient during various stress tests are shown in Figures 2 and 3 , respectively, which were the same for all patients.
Discussion Various stress tests and therapies have been used to obtain different pathophysiological conditions to assess reproducibility of heart rate, rate-pressure product, and diastolic perfusion time at ischemic threshold.
The results show that when a patient with effort angina, with or without coronary artery lesions, undergoes various stress tests, an intertest variability at ischemic threshold can be expected for exercise duration, heart rate, and rate-pressure product, whereas diastolic perfusion time remains relatively constant.
A coefficient of variation for heart rate and ratepressure product higher than that found in our population would be expected over the five different stress tests. We believe that these results are probably due to both patient selection criteria and study protocol. On the other hand, heart rate and ratepressure product coefficients of variation in both groups were derived from a wide range of values at (Tables 4 and 5) , and although lower than 20%, they should be considered highly variable compared with that of diastolic perfusion time (0.33%). In fact, the different types of stress tests, although inducing different hemodynamic responses,18,19 seem to have no influence on the critical value of diastolic perfusion duration at ischemic threshold. Because this parameter showed the same variability as other ones at rest, its reproducibility at ischemic threshold is not due to low intrinsic variability. Furthermore, these data were not due to difference in various ranges because the results did not change when the standard deviation of each parameter was normalized by its own range. Last, it may be hypothesized that reproducibility of diastolic duration at ischemic threshold is a consequence of the achieved end point in this parameter's time course. However, further reduction in diastolic duration, occurring after ischemic threshold (Figures 2 and 3) , does not support this hypothesis. Therefore, despite variability in heart rate, rate-pressure product, and exercise duration, the reproducibility of diastolic duration at ischemic threshold suggests a role for this parameter in the complex mechanisms involved in the outcome of myocardial ischemia. It should be noted that diastolic perfusion time, as measured in our study, includes systolic activation time. However, this modality of calculation is justified by the knowledge that systolic activation time may be considered as diastole even if it includes slow intraventricular pressure rise.20 It is also surprising that diastolic perfusion time correlates better with the onset of ST segment depression than does heart rate because time intervals are commonly considered rate dependent. Indeed, heart rate is the main determinant, but other factors such as preload, afterload, inotropic properties of myocardium, circulating catecholamines, and asynchronism of contraction may induce changes in time intervals. In fact, when we assessed the relation between diastolic perfusion time and heart rate during the five stress tests, we found a significant, but not impressive, correlation between heart rate and diastolic perfusion time in coronary artery disease patients (r=0.57) and in syndrome X patients (r=0.59). The difference in hemodynamic pattern of cardiac response to atrial pacing, dynamic exercise, exercise posture, and therapy accounts for this result. Furthermore, the wide range of heart rate values for a given diastolic perfusion time in each patient (Figures 2 and 3 Reproducibility of diastolic duration at ischemic threshold is not surprising because diastolic perfusion time is a main determinant of myocardial oxygen supply and because experimental studies have demonstrated the relevance of coronary perfusion time in determining the subendocardial to subepicardial coronary flow ratio.13 '14,21 During a stress test, diastolic duration is dramatically reduced, thus leading to a decrease in oxygen supply. In normal subjects, this decrease is balanced by a proportional increase in coronary blood flow that allows the lowest values of diastolic perfusion time to be achieved without ischemia. On the contrary, in the presence of fixed coronary stenosis, the reduction of diastolic duration during the stress test is not balanced by a proportional increase of coronary blood flow in ischemic regions. In fact, previous studies have shown that in coronary artery disease patients the coronary perfusion, distal to a significant obstruction, does not adequately increase during atrial pacing22 and during exercise23 and that coronary blood flow decreases to very low levels or even stopped completely in the subendocardial region, leading to profound ischemia. Moreover, a limited capacity to decrease coronary resistance and to adequately increase coronary blood flow in response to atrial pacing24 and exercise25 has been demonstrated in syndrome X patients.
Thus, in the presence of both fixed coronary stenosis and impaired vasodilator capacity, myocardial ischemia appears to be mainly elicited by a decrease of the diastolic perfusion time. In fact, for each patient, a critical value of diastolic duration can be detected in which the outcome of electrocardiographic signs of ischemia occur.
In conclusion, our results underscore the relevance of diastolic duration in the outcome of stress-induced ischemia. In addition, they suggest that in patients with stress-induced ischemia a variability of heart rate and rate-pressure product at ischemic threshold does not necessarily imply a variation in coronary tone.
Because of the high diastolic perfusion time achieved at ischemic threshold in patients with threevessel coronary artery disease, we hypothesize that the level of this parameter correlates with the extent of coronary impairment.
